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WKH SRO\PHUPDWUL[ DV D UHVXOW RI HOHFWULFDO VWLPXODWLRQ 7KH FDWLRQDQLRQ SDLUV DUH LQWURGXFHG LQWR WKH
SRO\PHU PDWUL[ WKURXJK LRQLF OLTXLGV ,/V ,/V DUH PROWHQ RUJDQLF VDOWV 'XH WR WKHLU KLJK LRQLF
FRQGXFWLYLW\DQGODUJHHOHFWURFKHPLFDOSRWHQWLDOZLQGRZXSWR9EHWZHHQSODWLQLXPHOHFWURGHV>@

6ULQLYDV7DGLJDGDSD7HO)D[
(PDLODGGUHVVVDW#SVXHGX
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
1338  Gokhan Hatipoglu et al. / Procedia Engineering 25 (2011) 1337 – 1340
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& WR&>@
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WHWUDIOXRURERUDWH>%0,P@>%)@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GXH WR WKH RXWIORZ RI ,/ 7KHVH NLQG RI K\EULG PDWHULDOV ZKHUH ,/V DUH FRQILQHG ZLWKLQ DQ LRQRPHU
PHPEUDQHDUHGHILQHGDVLRQRJHOV>@,RQRJHOVFDQEHFRQILJXUHGDVVRIWVHQVRUVDQGDFWXDWRUVZKLFKDUH
SURPLVLQJ IRUDSSOLFDWLRQV VXFKDVDUWLILFLDOPXVFOHV >@ VRIW URERWLFV >@ DQGHQHUJ\KDUYHVWLQJ >@
7KH\UHTXLUHORZYROWDJHVW\SLFDOO\9ZKLFKLVOLPLWHGE\WKHHOHFWURFKHPLFDOSRWHQWLDOZLQGRZRI
WKH,/DQGHOHFWURGHW\SH7KHLRQRJHODFWXDWRUFRQILJXUDWLRQLVDFKLHYHGYLDSODFLQJLRQRJHOEHWZHHQWZR
HOHFWURGHOD\HUV,QWKLVZRUNQPJROGOD\HUVDUHHPERVVHGRQWRSDQGERWWRPVXUIDFHVRIWKHLRQRJHO
PHPEUDQHVWRDFWDVHOHFWURGHV
:KHQ DQ HOHFWULF ILHOG LV DSSOLHG WKURXJK WKH HOHFWURGHV FDWLRQV GULIW DQG GLIIXVH WRZDUGV FDWKRGH
ZKHUHDV DQLRQV GULIW DQG GLIIXVH WRZDUGV DQRGH )RU 57,/ WKHUH LV JHQHUDOO\ D PROHFXODU YROXPH
GLIIHUHQFHEHWZHHQWKHFDWLRQDQGDQLRQ)RU>%0,P@>%)@WKH%0,PPROHFXODUYROXPHLV ODUJHUWKDQ
%) 7KH DFFXPXODWLRQ RI FDWLRQ DQG DQLRQV DW FDWKRGH DQG DQRGH UHVSHFWLYHO\ FDXVHV D QHW YROXPH
GLIIHUHQFHZKLFKLQWXUQFDXVHVEHQGLQJRIWKHLRQRJHO)LJXUHDVFKHPDWLFDOO\LOOXVWUDWHVWKHEHQGLQJ
PHFKDQLVPLQLRQRJHOV
'HVSLWH WKH IDFW WKDW ,/V HQKDQFH WKH DFWXDWRU SHUIRUPDQFH DFWLQJ DV HOHFWURO\WHVZLWKLQ WKH LRQRPHU
HQGRZLQJ KLJK DPRXQWV RI ,/ ZLWKLQ WKH PHPEUDQH GUDPDWLFDOO\ GHFUHDVHV WKH HODVWLF PRGXOXV RI WKH
ILOPV8VLQJVROXWLRQFDVWLQJPHWKRGVLWLVYHU\FKDOOHQJLQJWRUHDOL]HVXIILFLHQWO\WKLQILOPVRXWRIWKHVH
LRQRJHOVWKDWFDQEHXVHGIRUWKHGHYHORSPHQWRIPLFURHOHFWURPHFKDQLFDOV\VWHPV0(06VFDOHVHQVRUV
DQG DFWXDWRUV 1DILRQ70 LV RQH RI WKH PRVW ZLGHO\ XVHG LRQRPHU LQ OLWHUDWXUH WKDW LV PDQXIDFWXUHG E\
'X3RQW )RU1DILRQ70 WKH HODVWLFPRGXOXV YHUVXV ,/ XSWDNH KDV EHHQ LQYHVWLJDWHG H[SHULPHQWDOO\ DQG
WKHRUHWLFDOO\ E\'DYLGVRQ >@7KH WKHRUHWLFDO UHODWLRQ EHWZHHQ HODVWLFPRGXOXV DQG ,/ XSWDNH FDQ EH
PDWKHPDWLFDOO\H[SUHVVHGZLWK  DZD(  UHODWLRQZKHUH( LV WKHHODVWLFPRGXOXV LQ03DZ LV WKH
LRQLFOLTXLGXSWDNHLQZHLJKWSHUFHQWDQGDDDUHFRHIILFLHQWV IRUVORSHDQGLQWHUFHSWUHVSHFWLYHO\)RU
H[DPSOHWKHHODVWLFPRGXOXVRI1DILRQ70LVDURXQG03DIRUZHLJKWRIXSWDNH
,QWKLVZRUNZHKDYHGHYHORSHGDQRYHOLRQRPHU>@ZKLFKLVFRPSRVHGRIRQHWRRQHUDWLRELV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K\GUR[\SKHQ\O11GLSKHQ\OWULD]LQDPLQH DQG ƍELSKHQRO ZLWK ELVIOXRURSKHQ\O VXOIRQH
'3$36%37KHHODVWLFPRGXOXVRI'3$36%3>%0,P@>%)@LRQRJHOLVPHDVXUHGDV03DIRU
ZHLJKW RI HQGRZHG >%0,P@>%)@:KHQ FRPSDUHG WR1DILRQ70 WKLV LRQRPHU FDQ IRUP UREXVW WKLQ
ILOPV GXH WR LWV KLJKHU HODVWLF PRGXOXV ZLWK HQGRZHG LRQLF OLTXLG 7KLQ ILOPV RI ± P KDYH EHHQ
UHDOL]HG YLD VROXWLRQ FDVWLQJ'3$36%3ZLWK >%0,P@>%)@ 7KH FKHPLFDO VWUXFWXUH RI'3$36%3 LV
VKRZQLQ)LJE
D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)LJXUH  D 7KH EHQGLQJ GXH WR PROHFXODU YROXPH GLIIHUHQFH EHWZHHQ DQLRQ DQG FDWLRQ ZKLFK
DFFXPXODWHDWDQRGHDQGFDWKRGHVLGH>@E7KHFKHPLFDOVWUXFWXUHRI'3$36%3>@

1339Gokhan Hatipoglu et al. / Procedia Engineering 25 (2011) 1337 – 1340
$QRWKHUFKDOOHQJHUHODWHGWRL($3VLVIDEULFDWLQJPLFURVWUXFWXUHVXVLQJWKHVHK\EULGPDWHULDOV0RVWRI
WKH WUDGLWLRQDO0(06PDQXIDFWXULQJ WHFKQLTXHVVXFKDV OLWKRJUDSK\DQGZHWHWFKLQJDUHQRWDSSOLFDEOH
ZLWK LRQRJHOV VLQFH WKH HQGRZHG ,/ ZLWKLQ WKH LRQRPHU WHQGV WR RXWIORZ ZKHQ GLSSHG LQWR DQRWKHU
VROXWLRQ7RRYHUFRPHWKLVPDQXIDFWXUDELOLW\LVVXHIRFXVHGLRQEHDP),%PLOOLQJZDVXVHGWRIDEULFDWH
DPP[PPFDQWLOHYHURQPPWKLFN'3$36%3FRQWDLQLQJZW>%0,P@>%)@7KH),%
PLOOLQJ LV GLVFXVVHG LQ WKH QH[W VHFWLRQ7KLVZRUN GHPRQVWUDWHV D IUHH VWDQGLQJ FDQWLOHYHU XWLOL]LQJ ,/
FRQWDLQLQJ L($3DVDPLFURDFWXDWRUDQGVKRXOGEHYLHZHGDVDQLQLWLDOZRUN WRZDUGVPRUHZLGHVSUHDG
DSSOLFDWLRQL($3VDVQHZPDWHULDOVIRUSRO\PHUEDVHG0(06

0DQXIDFWXULQJRIPLFURLRQLFFDQWLOHYHUYLD)RFXVHG,RQ%HDPPLOOLQJ
),%PLOOLQJLVDWRSGRZQIDEULFDWLRQPHWKRGZKHUHILQHO\IRFXVHGKLJKHQHUJ\PRPHQWXP*DOOLXP
LRQV*DVWULNHRQVXEVWUDWHVXUIDFHDQGPLOORXWWKHPDWHULDO LQWKH UHJLRQRILPSDFW)RUPLOOLQJ)(,
4XDQWD  ' )(*'XDO %HDP (OHFWURQ0LFURVFRSH KDV EHHQ XVHG 7KLV PRGHO JLYHV WKH DELOLW\ WR
REVHUYHWKHFXWWLQJGXULQJPLOOLQJVLQFHLWKDVGXDOEHDP)RU>%0,P@>%)@FRQWDLQLQJ'3$36%3WKH
FULWLFDO SDUDPHWHUV DUH UHGHSRVLWLRQ DQG FXWWLQJ WLPH 5HGHSRVLWLRQ LV WKH GHSRVLWLRQ RI WKH UHPRYHG
PDWHULDO RQ WKHPLOOHG UHJLRQ DV VKRZQ LQ)LJ D7KH UHGHSRVLWLRQGHSHQGVRQGZHOO WLPH V±
PVDQGWKHLRQEHDPFXUUHQW±Q$7KHVHWZRSDUDPHWHUVKDYHWREHILQHO\WXQHGLQRUGHUWR
REWDLQ D FOHDQO\ FXW FDQWLOHYHUZKLOH NHHSLQJ UHDVRQDEOH FXWWLQJ WLPH DQG FRVW ,I WKHVH SDUDPHWHUV DUH
VOLJKWO\FKDQJHGDUHGHSRVLWLRQUXQFXWWLQJWLPHPLQVGZHOO WLPHV LRQFXUUHQWQ$RUD
GDPDJHGUXQFXWWLQJWLPHPLQVGZHOOWLPHVLRQFXUUHQWQ$DUHREVHUYHGDVVKRZQLQ)LJ
DDQGEUHVSHFWLYHO\)LJXUHFVKRZVWKHFOHDQO\FXWFDQWLOHYHU7KHRYHUDOOFXWWLQJWLPHLVPLQV
ZLWK  V RI GZHOO WLPH DQG  Q$ RI LRQ EHDP FXUUHQW 7KHVH DUH ILQHO\ WXQHG SDUDPHWHUV IRU WKLV
LRQRPHU,/ FRPELQDWLRQ 7KH REWDLQHG FDQWLOHYHU GLPHQVLRQV DUH D  [  [ PP 7KLV IDEULFDWLRQ
PHWKRGZLWK ),% LV DOVR IHDVLEOH WR IDEULFDWH DUUD\V DQG GLIIHUHQW VKDSHG DFWXDWRUV RQ WKH WKLQ ILOP RI
LRQRJHOV

)LJXUHD+LJKGHSRVLWLRQUXQE+LJKFXUUHQWUXQDQGF7KHFOHDQO\FXWDQGUHOHDVHGFDQWLOHYHU

(OHFWURPHFKDQLFDO&KDUDFWHUL]DWLRQ
$IWHU WKH IDEULFDWLRQ RI WKH PLFURLRQLF FDQWLOHYHU WKH HOHFWURPHFKDQLFDO SHUIRUPDQFH LV WHVWHG 7KH
ILOPZLWKWKHFDQWLOHYHUSDWWHUQRQLVPRXQWHGEHWZHHQWZRFRQGXFWLYHSODWHV$IWHUFDUHIXOZLUHERQGLQJ
WKHFDQWLOHYHULVUHOHDVHGDWWKHHGJHRIWZRSODWHV$SRWHQWLDOGLIIHUHQFHLVDSSOLHGLQFUHPHQWDOO\EHWZHHQ
WKHWZRHOHFWURGHVRIWKHLRQRJHO7KHWLSGHIOHFWLRQLVPHDVXUHGXVLQJDZKLWHOLJKWLQWHUIHURPHWHU=\JR
1HZ9LHZSURILORPHWHU)LJXUHD VKRZV WKH=\JR LPDJH DW 9DSSOLHGYROWDJH)LJXUHE
VKRZVWKHGHIOHFWLRQRIWKHFDQWLOHYHUDORQJLWVOHQJWKIRUDFWXDWLRQYROWDJHV7KHVROLGOLQHVDUHVPRRWK
ILWWRWKHGHIOHFWLRQGDWDREWDLQHG8QOLNHKLJKPRGXOXVPDWHULDOVLRQRJHOVDUHYHU\VRIWDQGXSRQUHOHDVH
DUH YHU\ GLIILFXOW WR REWDLQ DV FDQWLOHYHUV ZLWK VPRRWK VXUIDFH 7KLV H[SODLQV VRPH RI WKH REVHUYHG
GLVFUHSDQF\EHWZHHQWKHVPRRWKILWVDQGWKHPHDVXUHGGDWD7KHPD[LPXPWLSGHIOHFWLRQLVPHDVXUHGDV
PDW9ROWV
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
)LJXUHD2SWLFDOSURILORPHWHULPDJHRIWKHLRQRJHOFDQWLOHYHUDFWXDWHGDW9E'HIOHFWLRQSURILOH
DORQJWKHOHQJWKRIWKHFDQWLOHYHUIRUGLIIHUHQWDFWXDWLRQYROWDJHV7KHH[SHULPHQWDOGDWDGRWVDUHILWWHG
WRDVPRRWKPDWKHPDWLFDOIXQFWLRQVROLGOLQHVWRVKRZWKHFXUYDWXUHRIWKHFDQWLOHYHU
&RQFOXVLRQ
$KLJKPRGXOXV LRQRPHU'3$36%3KDVEHHQ LQYHVWLJDWHGDVDQRYHO LRQRPHU IRU ,/FRQWDLQLQJ L
($3V7KHKLJKHUPRGXOXVHQDEOHVWRUHDOL]HWKLQILOPDFWXDWRUVZKLFKFDQEHXVHGIRUPLFURVHQVRUVDQG
DFWXDWRUVDSSOLFDWLRQV$QLRQRJHOPLFURFDQWLOHYHUKDVEHHQIDEULFDWHGXVLQJ),%HWFKLQJDQGLVVKRZQDV
D YLDEOH PHWKRG IRU PLFURPDFKLQLQJ ,/ FRQWDLQLQJ L($3V (OHFWURPHFKDQLFDO FKDUDFWHUL]DWLRQ RI WKH
FDQWLOHYHU VKRZHG D PD[LPXP WLS GHIOHFWLRQ RI  P DW  9ROWV 7KH LRQRPHU SHUIRUPDQFH LV
SURPLVLQJIRUIXUWKHULQYHVWLJDWLRQ
$FNQRZOHGJHPHQWV
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1)
,RQLF/LTXLGVLQ(OHFWUR$FWLYH'HYLFHV,/($'085,*RNKDQ+DWLSRJOXDFNQRZOHGJHVVXSSRUW
IURP 6FLHQWLILF DQG 7HFKQLFDO 5HVHDUFK&RXQFLO RI 7XUNH\ 78%,7$. IRU D ,QWHUQDWLRQDO 3K'
)HOORZVKLS3URJUDPPH
5HIHUHQFHV
>@+DSLRW3DQG&/DJURVW(OHFWURFKHPLFDO5HDFWLYLW\LQ5RRP7HPSHUDWXUH,RQLF/LTXLGV&KHPLFDO5HYLHZVS

>@0DWVXPRWR++6DNDHEHDQG.7DWVXPL3UHSDUDWLRQRIURRPWHPSHUDWXUHLRQLFOLTXLGVEDVHGRQDOLSKDWLFRQLXPFDWLRQV
DQGDV\PPHWULFDPLGHDQLRQVDQGWKHLUHOHFWURFKHPLFDOSURSHUWLHVDVDOLWKLXPEDWWHU\HOHFWURO\WH-RXUQDORI3RZHU6RXUFHV
S
>@:DQJ3HWDO$1HZ,RQLF/LTXLG(OHFWURO\WH(QKDQFHVWKH&RQYHUVLRQ(IILFLHQF\RI'\H6HQVLWL]HG6RODU&HOOV7KH-RXUQDO
RI3K\VLFDO&KHPLVWU\%S
>@/X:HWDO8VHRI,RQLF/LTXLGVIRUʌ&RQMXJDWHG3RO\PHU(OHFWURFKHPLFDO'HYLFHV6FLHQFHS
>@ 8H 0 HW DO $SSOLFDWLRQ RI /RZ9LVFRVLW\ ,RQLF /LTXLG WR WKH (OHFWURO\WH RI 'RXEOH/D\HU &DSDFLWRUV -RXUQDO RI 7KH
(OHFWURFKHPLFDO6RFLHW\S$$
>@ +XGGOHVWRQ -* HW DO&KDUDFWHUL]DWLRQ DQG FRPSDULVRQ RI K\GURSKLOLF DQG K\GURSKRELF URRP WHPSHUDWXUH LRQLF OLTXLGV
LQFRUSRUDWLQJWKHLPLGD]ROLXPFDWLRQ*UHHQ&KHPLVWU\S
>@/LQ -</LX DQG40=KDQJ&KDUJHG\QDPLFVDQGEHQGLQJDFWXDWLRQ LQ$TXLYLRQPHPEUDQH VZHOOHGZLWK LRQLF OLTXLGV
3RO\PHUS
>@/H%LGHDX-/9LDXDQG$9LRX[,RQRJHOVLRQLFOLTXLGEDVHGK\EULGPDWHULDOV&KHPLFDO6RFLHW\5HYLHZVS

>@6KDKLQSRRU0DQGHWDO,RQLFSRO\PHUPHWDOFRPSRVLWHV,30&VDVELRPLPHWLFVHQVRUVDFWXDWRUVDQGDUWLILFLDOPXVFOHVD
UHYLHZ6PDUW0DWHULDOVDQG6WUXFWXUHVS5
>@.UXXVPDD0HWDO$OLQNHGPDQLSXODWRUZLWKLRQSRO\PHUPHWDOFRPSRVLWH,30&MRLQWVIRUVRIWDQGPLFURPDQLSXODWLRQLQ
5RERWLFVDQG$XWRPDWLRQ,&5$,(((,QWHUQDWLRQDO&RQIHUHQFHRQ
>@ 7LZDUL 5 DQG .- .LP'LVFVKDSHG LRQLF SRO\PHU PHWDO FRPSRVLWHV IRU XVH LQ PHFKDQRHOHFWULFDO DSSOLFDWLRQV 6PDUW
0DWHULDOVDQG6WUXFWXUHVS
>@'DYLGVRQ-'$FWXDWLRQDQG&KDUJH7UDQVSRUW0RGHOLQJRI,RQLF/LTXLG,RQLF3RO\PHU7UDQVGXFHUV0DVWHURIVFLHQFHWKHVLV
LQ0HFKDQLFDO(QJLQHHULQJ9LUJLQLD3RO\WHFKQLF,QVWLWXWHDQG6WDWH8QLYHUVLW\
>@ 7LJHODDU '0 HW DO 6\QWKHVLV DQG SURSHUWLHV RI VXOIRQDWHG DQG XQVXOIRQDWHG SRO\DU\OHQH HWKHU WULD]LQHV ZLWK SHQGDQW
GLSKHQ\ODPLQHJURXSVIRUIXHOFHOODSSOLFDWLRQV-RXUQDORI0HPEUDQH6FLHQFHS
Ă ď
3RVLWLRQ$ORQJWKH&DQWLOHYHU/HQJWKPP
'
HI
OH
FW
LR
Q
 PP PP
P

          











9$SSO 9
9$SSO 9
9$SSO 9
